Abstract. We investigate the charge density distribution in titanium dioxide, molecular titanium complexes and a variety of periodic titanium compounds using delocalization indices and Bader charge analysis. Our results are in agreement with previous experimental and theoretical investigations on the charge stability and deviation from formal oxidation states in transition metal compounds. We present examples for practically relevant redox processes, using molecular titanium dioxide model systems, that illustrate the failure of formal oxidation states to account for some redox phenomena. We observe a pronounced charge stability on titanium for trial systems which are expected to be mainly ionic. No environment tested by us is capable to reduce the local titanium charge remainder below one electron.
1.
Introduction The rationalization of redox processes in terms of formally defined charge transfers between the involved reactants is, by definition, based on the change of the oxidation states of the involved species. Although the way formal oxidation states (FOS) are determined can be justified by a variety of valid arguments [1] , the implications that come with them, especially with regard to redox processes, might be counter-intuitive and of little practical use. Quantum theory of atoms in molecules (QTAIM) on the other hand provides a way to quantify the electron density distribution along bonds and assign charges to the atomic centers [2] . It takes into account the continuity of the electron density, as opposed to the necessarily integer charges in FOS. Changes in the electron density distribution upon formation of new bonds can in that way be assigned to electron fluxes between different atoms, a perspective on redox reactions which aligns better with reality than the standard definition of reduction and oxidation states which dates from before quantum mechanics came into the picture but still has substantial influence on the way redox reactions are commonly understood.
Recently, a work from the group of G. Ceder revealed the oxygen redox activity in cation-disordered and Li-excess cathode materials [3] . Electron transfer on oxygen in this cases can happen due to the creation of unoccupied oxygen states into which electrons are transferred upon Li insertion, an unusual process, since in most oxide materials the oxygen-centered ligand group orbitals of the interconnected MO n polyhedra lie lower in energy than the transition metal-centered orbitals. This view on reduction and oxidation is in accordance with the formal definition of oxidation states. On the other hand, every electron transfer from an intercalant to the host lattice is going to affect the electron density distribution around all crystal atoms and will lead to changes in the QTAIM charge states of the species, which is, together with other electron density-based measures as e.g. spin density differences, commonly used to rationalize electron transfers accompanying insertion reactions [4] . According to these measures, a degree of oxygen reduction can be seen in non-defected oxides [5] .
We have addressed the well-known, but nevertheless potentially problematic discrepancy between charge and oxidation states before [5, 6] . In this work, we want to underpin previously reported findings of relative charge stability in transition metal compounds with different FOS of the metal center and demonstrate the charge state changes of oxygen in oxides using simple molecular and periodic model systems. The charge states were on one hand obtained from the commonly used Bader analysis method [7] . On the other hand it is useful to exploit the concept of delocalization indices (DIs) [8] , which are, although indirect, also able to provide more insight into charge transfer processes. Delocalization indices, denoted as ( , ), formally provide a measure for the density of the Fermi hole, created by electrons within one space domain A, that is present within another space domain B. Since a Fermi hole can be related to a certain electron and describes the decrease in the probability to find another same-spin electron nearby [9] , its distribution pattern mimics the charge density distribution pattern of that electron [10] . Thus one can alternatively say that DIs measure the extent to which electrons in a given space domain A are delocalized into another space domain B, and vice versa.
The expression for the DIs can be obtained from the electron pair density ( 1 ���⃗, 2 ���⃗), which, assuming spinorbitals of a Hartree-Fock (HF) wave function, is
The first term is a simple product of individual electron densities ( 1 ���⃗) ( 2 ���⃗), the last term is similar to the exchange term of the HF theory, correcting this product to the proper number of electron pairs ( − 1) 2 ⁄ in the system. Formally it acts equivalently to a Fermi hole, removing the same amount of electron density [10] . Therefore its integration over two given space domains provides information about how much of the Fermi hole from the first domain delocalizes into the second domain and vice versa, that is the corresponding DI. In Fulton formulation [11] 
where denotes the orbital occupancy.
Given that the chosen space domains may be associated with atoms, like quantum atoms in QTAIM [2] , the value of the DIs between two such domains is naturally related to the covalent contribution to the interaction between the corresponding atoms. It was shown that with space domains taken as QTAIM atoms, the values of the DIs are related to the formal bond order [12] . Results produced by DFT in Kohn-Sham formulation are generally very similar to the results from HF calculations [13, 14] . Due to the missing electron correlation, they lead to some overestimation of the results compared to fully correlated methods. It was shown that the DIs obtained both at the DFT and HF levels of theory are sufficient to gain chemical insight [14] .
Since the population of QTAIM basins -that is the one-electron density integrated over the basincharacterizes the effective atomic charges [2] , both concepts, QTAIM basin populations and DIs, provide the ionic and covalent components of the chemical bond, and in combination are therefore giving a measure for its characterization.
In our investigations, we focused on titanium compounds due to their pronounced covalent character and especially on the practically relevant TiO 2 . Titanium dioxides are promising electrode materials for Li-and post-Li ion batteries [15] and changes in their electronic structure upon metal insertion and the rationalization of the occurring redox processes are of broad interest. Titania compounds are large-bandgap semiconductors and p-doping (e.g. with Ca) can create low-lying states in the valence band, which would be expected to be occupied by upon metal intercalation [16] .
We first compare DIs and Bader charge analysis on rutile TiO 2 , followed by a discussion of the relative changes of QTAIM charge in LiTiO 2 and Li 2 TiO 2 molecules as simplest model systems for lithiated titanium dioxide for which both of these stoichiometries were previously reported in experimental works [17] . Subsequently, we want to demonstrate the relative QTAIM charge stabilities in different complexes and crystals even for widely differing FOS, as well as for interstitial Ti in p-doped crystals. The aim of this work is to illustrate how direct analysis of charge density can be used to rationalize redox processes in a way uncoupled from the formal oxidation states and to illustrate this on practically important phenomena (such as lithiation) which cannot be properly described with FOS. Specifically, the lithiated TiO 2 molecules allow us to clearly demonstrate a degree of oxygen reduction for which FOS fail to account.
2.
Computational Details In order to evaluate DI's and QTAIM basin populations for rutile TiO 2 in section 3.1, projector-augmented wave (PAW) [18] calculations were performed as implemented in ABINIT [19] , utilizing the generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) [20] functional. A plane-wave energy cutoff of 20 Hartree was used and a 4×4×8 k-point grid. A 3s 2 3p 6 4s 2 3d 2 valence configuration was used for titanium, and a 2s 2 2p 4 valence configuration was taken for oxygen. DIs were evaluated with the Dgrid-4.7
program [21] . Molecular complexes were calculated with the quantum chemical program package Gaussian 09 [22] using the Becke three-parameter Lee-Yang-Parr (B3LYP) DFT functional [23] and a cc-pVDZ basis set [24] , relaxing all molecular structures and using the lowest-energy spin state. The periodic structures in section 3.3 were computed with the Vienna Ab Initio Simulation Package (VASP 5.3) [25] using the PBEsol functional [26] , the PAW method [18, 27] and plane-wave basis sets (500 eV cutoff energy). The used supercells were optimized using a conjugate-gradient algorithm and the valence configurations for the occurring elements were: 3s [28] k-point mesh was chosen in all cases. Bader charge analyses were performed using a grid-based method as implemented in the Bader v0.95a code [29] . Spin polarization was not found to be of importance for any periodic system.
Results

Titanium dioxide charges using delocalization indices and electron transfer to oxide ions
In rutile TiO 2 , the titanium atom is coordinated octahedrally to six oxygen atoms, three at a distance of 1.95 Å, and other three at a distance of 1.98 Å. The corresponding DI's are equal to 0.55 and 0.48 indicating that there are approximately 3*0.55+3*0.48=3.09 electron pairs involved in six Ti-O bonds. The QTAIM population of the titanium basin is equal to 19.77, indicating transfer of 2.23 electrons from the titanium basin to the closest oxygen basins (1.11 electrons to each), which is consistent with the previous calculations: +2.23 in the titanium basin from the PBE calculations and +2.43 from the HSE06 [30] calculations [31] . Both indicators are best of all consistent with the charge state of titanium being less than +4, while the charge state of oxygen can be assumed between -1 and -2. This aligns also very well with our previous findings of Bader charges on the order of 2.5 for rutile TiO 2 and PBE [6] . We will further focus on Bader charge analysis, which is a reliable measure of charge distribution in molecular and bulk titanium dioxide systems, as we showed in that previous investigation [6] , and is consistent with the results obtained from the DI formalism.
The attachment of one and two Li atoms to a single TiO 2 molecule leads to the Bader charges (expressed as atomic charges with respect to the neutral atoms) listed in Table 1 . The obtained bent geometries for LiTiO 2 (tetragon-like arrangement of the four atoms) and Li 2 TiO 2 (pentagon-like) correspond to the predicted groundstate structures, while the linear mono-and dilithiated TiO 2 are saddle points of the potential energy surface (the spin states of the mono-and dilithiated compounds are doublet and triplet, respectively, in both geometric arrangements). The latter are included since linear O-Ti-O arrangements are common structural motifs in crystalline titania phases. We use the mono-and dilithiated molecules as simplest models for the local electron transfer in bulk TiO 2 (e.g. rutile or anatase which both include linear and bent O-Ti-O units). Lithiation of bulk TiO 2 creates localized in-gap states [32] , which is why we deem a single molecule a meaningful case study for local electron transfers in lithiated, solid TiO 2 . However, the more pronounced electron delocalization in periodic systems does not allow for a quantitative transferability of the following results to the solid-state case, but is supposed to provide mechanistic insight and values at the limit of fully localized charges. Representations of all four molecules together with charge density isosurface plots are shown in Fig. 1 (visualization was done with the program VESTA [33] ). As can be seen from Table 1 , the charges on oxygen upon attachment of Li, which is directly bound to it, change by -0.27 and -0.07 |e| from non-to monolithiated and mono-to dilithiated bent TiO 2 respectively, while the charge on Ti decreases by 0.45 |e| and then increases by 0.08 |e| due to existence of a non-nuclear attractor between the two Li ions reducing the charge donation to the TiO 2 fragment (see inset of Fig. 1 ). The charge in the additional basin of the non-nuclear attractor was divided between the two Li centers and was used to assign a Bader charge to both ions. The delocalization of charge over the whole molecule leads to a transfer of electron density to Ti and each O which are comparable in magnitude.
In the linear lithium titanium dioxides, both attached lithium atoms are predicted to lose most of their valence density, transferring a charge of -0.90 |e| on Ti and -0.53 |e| on each oxygen. In other words, a 'whole' electron is transferred on both oxygen atoms and one electron on Ti upon dilithiation, based on the local change of electron density. Analogous trends, which can be traced back to the covalency of the Ti-O bonds, have been reported previously by Albaret et al. connecting charge transfers in Ti n O m x (n = 1,2,3; m-n=0,1; x=-1,0,1) to changes in orbital hybridization [34] . From a charge-density point of view, the oxygen ions are being 'reduced'. This on one hand is not well handled by the FOS formalism and on the other hand this shows that oxygen redox activity in battery electrode materials, which has been rationalized in recent literature by invoking O defects, must be present in undefected oxides.
3.2.
Charge stability in molecular titanium complexes In a recent work, Wolczanski presented a way to estimate the relative charge states of transition metal ions in carbonyl complexes, utilizing the weakening of the C-O bond upon reduction of the carbonyl ligands [35] . 2+ (q CO = 0 |e|) calculated with DFT. Although the experimentally observed frequencies could not be matched accurately (overestimation on the order of 100 cm -1 (7 %)), which might be caused by non-vacuum frequency values used in the data basis of ref. 35 , a linear trend can be observed. Using the average C-O stretch in [Ti(CO) 6 ] 2-at 1875 cm -1 and comparing with the linear trend line in Fig. 2 (red) , the computed charge state on Ti is +3.5 |e|. The charge state deduced from the CDVR method was given as +3.2 |e|, but the actual interpolated value obtained by Wolczanski was 3.7-3.8 |e|. It was modified due to consistency considerations with regard to the other investigated complexes. With this initially obtained value however, a reasonable level of agreement can be observed.
Up to this point, the ligand charges were based on an assumed charge state of Fe which has been fixed to +2. Bader charge analyses of the three iron complexes indicate charges of +1.02 |e| in [Fe(CO) 4 ] 2-, +1.18 |e| in Fe(CO) 5 and +1.37 |e| in [Fe(CO) 6 ] 2+ on Fe, while the titanium charge state is +2.03 |e| in [Ti(CO) 6 ] 2-. Plotting again symmetric C-O stretch frequencies, this time versus CO Bader charges for all four complexes, the linear relationship in Fig. 2 (blue) was obtained. It can be deduced that CO as a charge reporter ligand is indeed capable to give an estimate of the relative charge state, but the QTAIM Bader charge on Fe in the reference complexes is closer to +1 than +2, which is the reason for the overestimation of the Ti charge state compared to theory. Further, the charges on Fe are not expected to be perfectly constant, which contributes to a small further mismatch with the DFT results.
Charge states of +2.03 |e|, +2.11 |e| and +2.43 |e| for the vastly different molecular complexes [Ti(CO) 6 ] 2-as well as bent and linear TiO 2 , respectively (cf. Table 1 ), indicate that a substantial charge remainder on the Ti center is favored. This is not surprising, since density delocalization and the following decrease in kinetic energy is the main driving force for bond formation [36] . The requirement for a ligand to abstract all (most) of the Ti valence density to observe complete iconicity of Ti in the context of the QTAIM analysis, does not seem to be met by common ligands in molecular Ti complexes as indicated in Table 2 . Moreover, a stable charge remainder of at least one electron remains in these complexes. 
3.3.
Solid titanium halogenides and titanium insertion in p-doped crystals: incomplete charge transfer Naturally the question occurs whether a charge delocalization in periodic systems can contribute to a further lowering of the local charge density around Ti atoms towards a more ionic situation. Previous investigations of our group [6] showed that Bader charges obtained from calculations with B3LYP and PBE do not differ substantially, so we assumed Bader charges from molecular densities obtained with B3LYP and from periodic densities with PBEsol to be equally reliable for other titanium compounds.
In Table 3 the Bader charges on titanium in the crystalline titanium halogenides TiBr 4 and TiI 4 (space group: P2 1 /a3 in both cases) are listed. As was observed for TiO 2 in a previous work [6] , the charge on Ti increases from a molecular to a periodic system, since more delocalized background charge contributes to the Ti basin. This seems to be true for the halogenides as well, as the direct comparison of the Bader charge obtained with PBE for TiBr 4 in Table 2 and its Bader charge given in Table 3 (from PBEsol) shows. However, since the Bader charges reported in Table 3 were obtained using the GGA-type PBEsol functional in contrast to the hybrid B3LYP functional employed for the molecular systems, a direct comparison between Tables 2 and 3 is eventually not meaningful, due to the more pronounced self-interaction in GGA functionals compared to hybrid ones. Another approach that was tried to nudge a further reduction of electron density on Ti was the insertion of Ti as interstitial atom in crystalline compounds whose Fermi levels are expected to be substantially lower than the newly created interstitial Ti states and having unoccupied states around the Fermi level. We chose Cdiamond (space group: Fd-3m) as insulator p-doped with substitutional Be, rutile-TiO 2 (space group: P4 2 /mnm) as semiconductor p-doped with substitutional Ca and metallic iodine (space group: Im-3m). Titanium was expected to donate its valence electrons to the low-lying states around the Fermi level on one hand and reduce strain energy of the host lattice by reducing its radius which could be accomplished by further ionization. As can be seen in Table 3 , this is not the case. Higher-lying Ti levels are still occupied and there is a substantial electron density remainder on the interstitial Ti in all cases. Relative charge stability and charge remainders on transition metal centers in compounds commonly classified as ionic were reported in the past [37] , and the same trend can be observed, besides the molecular systems in Table 2 , also for the two types of environment (cation in titanium halogenide vs. interstitial solute in doped semiconductor) of Ti in the periodic systems presented in Table 3 .
Conclusions
We provided, using QTAIM methods, additional insight into the charge density distributions in common titanium compounds, focusing on titanium dioxide, halogenides and a hexacarbonyl complex. Of course the Bader charge analyses do not technically contradict the definition of formal oxidation states and in this framework they could be simplistically explained by a pronounced covalent character of the investigated compounds. Nevertheless the observed charge stability in a variety of titanium compounds and the Ti atom's apparent resistance to strong electron deficiency leads to counter-intuitive implications when it comes to charge density fluxes in redox processes, such as the lithiation of TiO 2 , a reaction occurring in titania electrodes of Liion batteries. We could theoretically reproduce experimentally observed trends [35] with regard to the charge state in titanium hexacarbonyl and show that Bader charge analysis results can in principle be backed up with concrete experimental evidence and are not just a computational quirk.
We previously reported that the QTAIM charge in the solid state is increased compared to the molecular setup due to a higher delocalized background charge in TiO 2 [6] . We obtained a similar result for titanium halogenides and tested the capability of p-doped periodic systems to ionize interstitially inserted Ti atoms, which is poor.
We furthermore presented the use of delocalization indices to evaluate the charge state of titanium in rutile TiO 2 , supporting the claimed reliability of Bader charges by a more sophisticated systematic theoretical analysis method and providing insight into the peculiarities of the electron density distribution in this compound. From the results of the limited number of trial systems utilized, there seems to be a tendency in titanium compounds to keep at least one electron localized around titanium, although Bader charges of +4 |e| and more are not prohibitive and are possible in general (e.g. q = +5.8 |e| on S in SF 6 ).
